Dear Editor, Hedgehog (Hh) pathway is widely involved in cell growth and differentiation during both vertebrate and invertebrate development. Malfunction of Hh pathway could cause various human diseases, including birth defects and cancers. In Drosophila, Cubitus interruptus (Ci), the homologue of mammal Glioblastomas (Gli), is a key transcription factor of Hh pathway. The activity and stability of Ci/Gli are regulated by Hh concentration, and further precisely induce downstream gene expressions. Previous studies have suggested that in the absence of Hh, full-length Ci FL (Ci155) is partially degraded into the repressor form Ci R (Ci75), which blocks downstream gene expressions (Chen and Jiang, 2013) , through Cul1-Slimb-based E3 ligase-mediated proteolysis (Aza-Blanc et al., 1997; Jia et al., 2002; Price and Kalderon, 2002; Zhang et al., 2013) , while in the presence of high-level Hh, Ci155 acts as a transcription activator to turn on the expression of downstream genes, including hib/rdx, followed with complete degradation of Ci155 by Cul3-HIB/ RDX-based E3 ligase (Zhang et al., 2006) . However, more mechanisms directing Ci to partial or complete degradation need to be revealed. In this study, we speculate that Spaghetti squash (Sqh) protein may bind to Ci155 at the region near the cleavage site (amino acid 697), which spatially impedes the interactions between Ci N-terminus and proteasomes, thus protecting Ci155 from complete degradation.
To identify unknown proteins that might be involved in Ci partial degradation, MBPCiZnF (Ci zinc finger domains) was generated and purified for pull-down assay using the lysate of Clone8 cells with/without Hh treatment and subsequent mass spectrometric analysis (Supplementary Figure S1) . After additional phenotype screening by using RNAi Drosophila, Sqh, a myosin regulatory light chain protein pulled down by CiZnF in the absence of Hh was selected for further study. Sqh regulates the contractile ring function and is required for cytokinesis (Karess et al., 1991) . The IP results indicated that Sqh could interact with both Ci75 and CiZnF in the absence/presence of Hh in S2 cells, but did not interact with Ci155 ( Figure 1A and Supplementary Figure S2 ). This suggests that Sqh could bind to Ci155, impeding its entering into proteasomes and being degraded in the presence of Hh. However, this process is very dynamic and hard to catch up in IP experiments. Alternatively, Sqh could indirectly interact with Ci155 through an unknown mechanism in the presence of Hh, which realizes the regulation of Ci155 stability by Sqh.
Different lines of SqhRNAi Drosophila were used to evaluate the expression levels of Ci and downstream genes. Immunofluorescence staining indicated that loss-of-sqh resulted in the decrease of both Ci155 and Ci75, with an upregulation of dpp expression ( Figure 1B and C and Supplementary Figure S3 ). qRT-PCR showed that sqh expression was clearly reduced, while dpp was obviously increased in sqhRNAi Drosophila, and both ci and ptc did not change distinctly ( Figure 1E ). This suggests that Ci decrease caused by loss-of-sqh happens at the protein level. Moreover, in the sqhRNAi and HA-Ci155 combination Drosophila driven by MS1096, the changes of Ci155 and Ci75 protein levels in the wing discs were detected by western blotting ( Figure 1D ). The ratio of Ci155/Ci75 was calculated by Image-Pro Plus 6.0 ( Figure 1D ′ ). The RNAi efficiency of the combination Drosophila was tested by qRT-RCR, showing that sqh expression was downregulated for 50% ( Figure 1D ′′ ).
Compared with the control group, Sqh reduction resulted in the decrease of both Ci155 and Ci75, and the ratio of Ci155/Ci75 was raised, indicating more reduction of Ci75 than Ci155. These results indicated that Sqh could protect Ci155 and Ci75 from degradation, and promote the partial degradation of Ci155 into Ci75. The more distinct reduction of Ci75 due to the loss-of-sqh may explain the upregulation of dpp along with the reduction of protein Ci155 in sqhRNAi Drosophila. Furthermore, TUNEL assay was carried out in the wing discs of sqhRNAi Drosophila driven by MS1096. No obvious apoptosis signals were detected ( Figure 1F and Supplementary Figure S4 ), suggesting that the reduction of Ci and activation of target gene dpp were not caused by apoptosis, but rather the stability and processing of Ci155 were influenced. The decrease of Ci155 and upregulation of dpp in sqhRNAi Drosophila could be rescued by overexpression of Myc-Sqh ( Figure 1G ), which excludes the possibility of off-target effect by sqh knockdown and confirms that these phenotypes are indeed caused by the reduction of protein Sqh.
Previous studies indicated that two amino acids T20 and S21 of Sqh can be phosphorylated. Once phosphorylated, Sqh recruits more actin to participate in the formation of tissues and organs during Drosophila development (Corrigall et al., 2007; Zhang and Ward, 2011) . To further clarify the different roles of differentially phosphorylated Sqh in Hh signaling, wild-type Sqh, phosphorylated mimic TSDD, and unphosphorylated mimic TSAA, respectively, were overexpressed in Drosophila. Immunofluorescence staining was performed to evaluate the levels of Ci155 and total Ci protein, as well as the target gene dpp. Sqh overexpression did not affect the expression of either Ci155 ( Figure 1H ) or dpp (Supplementary Figure  S5) . However, TSDD overexpression resulted in the reduction of Ci155, dpp, and overproliferation of the corresponding region ( Figure 1H and Supplementary Figure S5) . Since the total protein of Ci, as demonstrated by CiN staining, was obviously increased ( Figure 1I ), TSDD overexpression upregulated Ci75 along with the reduction of Ci155, which indicated that TSDD positively promotes the partial degradation of Ci155 into Ci75 and may also protect Ci75 from degradation. TSAA overexpression resulted in the decrease of both Ci155 and total Ci protein ( Figure 1H and I) , but did not affect dpp expression (Supplementary Figure S5) , which indicated that TSAA promotes Ci155 degradation.
In vitro, Kc cells were co-transfected with Sqh (or TSDD, TSAA, respectively), Myc-Ci155, and Flag-EGFP (as internal reference). Ci protein level and stability were determined by western blotting ( Figure 1J ) and semi-quantitative analysis ( Figure 1J ′ ). Figure 1K -M) . In addition, S2 cells were co-transfected with Myc-Sqh (or Myc-TSDD, Myc-TSAA, respectively) and HA-Ci75 (or HA-Ci155) to determine the subcellular co-localization of Sqh, TSDD, TSAA with Ci proteins. As shown in Supplementary Figure S6 , when overexpressed alone, Sqh, TSDD, and TSAA located in the cytoplasm and nuclei; Ci75 mainly distributed in the nuclei and Ci155 was mostly in the cytoplasm. When co-expressed with Ci75, Sqh maintained its ubiquitous distribution, while TSDD tended to co-locate with Ci75 in the nuclei and TSAA was apt to stay in the cytoplasm. When co-expressed with Ci155, Sqh or TSDD showed more obvious co-localization with Ci155 than TSAA. These results further implied that the phosphorylated Sqh functions on Ci, and then Hh signaling.
In summary, our study indicated that Sqh is crucial to regulate the stability of the transcription factor Ci in Hh pathway. Sqh not only protects Ci155 and Ci75 from degradation, but also promotes the processing from Ci155 to Ci75 in the presence of Hh. The phosphorylation of T20 and S21 on Sqh plays a critical role for its function. TSDD intends to co-localize with Ci75 in nuclei, while TSAA can neither protect Ci155 or Ci75 from being degraded nor co-localize with Ci75. A working model was drawn to illustrate the molecular mechanism of Sqh in Ci stability regulation (Supplementary Figure S7) . Sqh regulates Ci stability via keeping a dynamic balance between its phosphorylated and unphosphorylated forms. In the presence of Hh, phosphorylated Sqh interacts with Ci and recruits other degradation-related proteins to involve in Ci75 formation. Ci75 interacts with Sqh to protect Ci75 being further degraded. Under this condition, Ci75 level is increased, which restrains the over activation of Hh target genes, such as dpp. In the absence of Hh, Sqh cannot be phosphorylated. Unphosphorylated Sqh interacts Western blotting to detect the changes of Ci155 and Ci75 in the wing discs of the sqhRNAi and HA-Ci155 combination Drosophila driven by MS1096. Sqh reduction resulted in the decrease of both Ci155 and Ci75. sqhRNAi1:BS33892; sqhRNAi2:BS32439. (D ′ ) Semi-quantitative data of the protein level changes of Ci155, Ci75, and Ci155/Ci75 when sqh was knocked down. Sqh reduction resulted in the decrease of both Ci155 and Ci75 and increased the ratio of Ci155/Ci75, indicating more Ci75 reduction than Ci155. The protein bands in D were analyzed by Image-Pro Plus 6.0 and normalized by tubulin. Three independent experiments were employed to calculate the standard deviation and significant difference. ***P , 0.05. (D ′′ ) qRT-PCR showed that sqhRNAi used in D induced 50% sqh downregulation. ***P , 0.05. (E) qRT-PCR to check the transcription levels of sqh, dpp, ptc, and ci in the wing discs of sqhRNAi Drosophila driven by MS1096. The transcription level of sqh was clearly reduced, while dpp was obviously increased, and both ci and ptc did not distinctly change. ***P , 0.05; n.s., no significant change. (F) TUNEL assay to check cell apoptosis. There are no obvious apoptosis phenomena in the RNAi regions driven by MS1096. Green, the apoptosis cells; CiN (red), the antibody for both Ci155 and Ci75; dpp-lacZ (blue), the antibody for lacZ. (G) Exogenetic Myc-Sqh protein overexpression in sqhRNAi Drosophila can rescue the phenotypes caused by loss-of-sqh. The decrease of Ci155 (red) and the upregulated dpp-lacZ (blue) expression can be rescued by overexpression of Myc-Sqh (green 
